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Available online 21 December 2009AbstractTo assess the ongoing effects of anthropogenic pollutants on the Winter Quarters Bay (WQB) fauna, resident Trematomus
hansoni and T. hansoni from a control site, Backdoor Bay (BDB) were caught. A suite of biomarkers, namely ethoxyresorufin-o-
deethylase (EROD), pentoxyresorufin-o-deethylase (PROD), as well as biliary naphthalene and phenanthrene were measured.
EROD activity was significantly higher in the WQB resident T. hansoni, while the remaining parameters were unaffected, and no
differences in the hepatosomatic index or condition factor were evident. Additionally, Trematomus bernacchii were collected from
BDB and placed in cages within WQB and at Cape Armitage (another control site near McMurdo Station) for 2 and 4 weeks. No
differences in EROD and PROD activities were found between any of the caged T. bernacchii. Naphthalene was significantly
elevated inWQB caged T. bernacchii after both 2 and 4 weeks even though phenanthrenewas elevated inWQB caged fish only after
4 weeks. Again, there were no significant morphological differences between groups. It is evident from both the resident and caged
fish that the legacy left by the pollution in WQB is still affecting the local marine fauna.
 2009 Elsevier B.V. and NIPR. All rights reserved.
Keywords: Ecotoxicology; Antarctic fish; PAH; PCB; Biomarker; Pollution; Cytochrome P4501. Introduction
Antarctica has remained relatively free from
anthropogenic influence. In conjunction with ever-
expanding intensive scientific activity and the recent
advent of Antarctic tourism, the Antarctic is, however,
becoming evermore vulnerable. The fouling of Winter
Quarters Bay (WQB) adjacent to McMurdo Station in
McMurdo Sound, a case in point, provides the perfect
opportunity to study how Antarctic organisms respond* Corresponding author. Institut fuer Anatomie der Universitaet
Bern, Baltzerstr. 2, 3000 Bern 9, Switzerland.
E-mail address: glenn.lurman@ana.unibe.ch (G.J. Lurman).
1873-9652/$ - see front matter  2009 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2009.12.001to environmental pollution. Over a decade ago exten-
sive studies examined the degree of pollution in WQB
with astonishing results (Crockett and White, 2003;
Kennicutt et al., 1995; Lenihan et al., 1990; Lenihan,
1992; McDonald et al., 1995; Negri et al., 2006;
Risebrough et al., 1990). For example, total PAH
(polycyclic aromatic hydrocarbon) concentrations
reached 13 mg g1 dry weight of sediment, while the
polychlorinated biphenyl (PCB) levels reached
concentrations of 4.3 mg g1 dry weight of sediment
(Kennicutt et al., 1995). More recently the sediment
total hydrocarbon content was found to be between 83
and 134 mg g1, while PAHs were between 0.27
and 0.55 mg g1 and PCBs ranged between 0.2 andreserved.
Fig. 1. Map of Ross Island, Antarctic with sampling locations and
experimental sites indicated (see Tables 1 and 2 for the exact location
coordinates).
247G.J. Lurman et al. / Polar Science 3 (2010) 246e2530.37 mg g1 (Negri et al., 2006). Nevertheless, these
values are comparable to some of the most polluted
marine sites in the world (Cripps, 1992).
Typically, the impact of petroleum- and PCB-con-
taining products on organisms has been measured
using mixed function oxidase (MFO) activity in the
form of alkoxyresorufin-O-deethylase activity. The
cytochrome isoforms CYP1A and CYP2B are known
to be responsible for PAH and PCB metabolism
respectively in mammals (Parkinson, 1996). In fish,
namely Trematomus bernacchii, it has been shown in
laboratory experiments that CYP1A and its corre-
sponding EROD enzymatic activity is responsive to
typical inducers such as 3-methylcholanthrene and b-
napthoflavone (Di Bello et al., 2007; Focardi et al.,
1992, 1994). Although phenobarbital normally induces
CYP2B activity in mammals (Parkinson, 1996), and
has been used as an effective biomarker in other
studies using fish (Hartl et al., 2007; Machala et al.,
1997), Focardi et al. (1994) reported no effect on
PROD activity in T bernacchii exposed to Phenobar-
bital in laboratory controlled exposure studies.
Increases in both wild and caged T. bernacchii EROD
activity have previously been reported in response to
pollution at Terra Nova Station (Bargagli et al., 1998;
Jime´nez et al., 1999). With the advent of molecular
technologies, it is now possible to detect the effect of
pollutants on CYP1A at an mRNA level (Miller et al.,
1999). The usefulness of PROD to assess CYP2B
induction, a cytochrome P450 isoform also typically
induced as a result of pollution (Hartl et al., 2007;
Lange et al., 1999; Machala et al., 1997), in different
Antarctic fishes has yet to be established in the field.
Similarly, biliary fluorescent aromatic hydrocarbons
(FACs) such as naphthalene and phenanthrene have
also been used with success to examine the uptake,
metabolism and excretion of petroleum products in
marine organisms (Krahn et al., 1984; Lin et al., 1994;
Meador et al., 2008; Stein et al., 1992, 1995). For
example, T bernacchii biliary FACs were previously
found to reflect the degree of petroleum product
pollution in WQB (McDonald et al., 1995; Miller
et al., 1999).
The most abundant, shallow water fish species
within McMurdo Sound is T. bernacchii (Bargagli
et al., 1998). It is a benthic sit and wait predator
feeding on small molluscs, polychaetes and crusta-
ceans, with a very limited range. Trematomus hansoni
appear to share a similar ecological niche though it is
thought to be slightly more active (J. A. Macdonald,
pers. obs.). Thus, it is likely that the behaviour and
habitat of T. bernacchii and T. hansoni would exposethem to the milieu of pollutants within WQB for
a significant length of time.
The aim of the present study was to assess the impact
of the pollution in WQB on the local Antarctic fish
fauna. Due to the logistical constraints of working in the
harsh Antarctic environment, this study had to be
undertaken with two different species. First, T. hansoni
resident within WQB were compared with T. hansoni
from a control location, Backdoor Bay (BDB), Cape
Evans. Secondly, T. bernacchii were caged for 2 and 4
weeks in WQB and another control site (Cape Armitage,
CA), so that the fish had a defined exposure period. This
enabled examination of exposure time on biomarker
activity. Two biomarkers (EROD and PROD) were used
to measure MFO activity, and the accumulation of
biliary FACs, (naphthalene and phenanthrene) were also
assessed as markers of exposure to petroleum products.
2. Materials and methods
2.1. Sampling of resident T. hansoni
A total of 22 T. hansoni were caught using hand
lines and lures at BDB and WQB (see Fig. 1) during
November and December 1999 as these were the only
fish to be caught at this time. Ten fish caught at BDB
were immediately weighed (297  21 g), measured
(280  5.8 mm) and then dissected (see also Table 1).
Table 1
Morphometric data for the resident T. hansoni from Backdoor Bay
(BDB) and Winter Quarters Bay (WQB). An asterisk indicates
a significant difference.
Resident BDB Resident WQB
Location Coordinates 77 330 S 166 110 E 77 500 S 166 390 E
Fork Length (mm) 280  5.9 249  6.6*
Weight (g) 297  21.3 196  17.3*
FC 1.21  0.06 1.11  0.02
HSI 3.29  0.47 3.30  0.40
GSI 6.51  2.40 7.98  2.47
248 G.J. Lurman et al. / Polar Science 3 (2010) 246e253The fish caught at WQB were held in an aerated cool-
box and transported back to Scott Base before being
measured (total length 249  6.6 mm), weighed
(196  17 g) and dissected.
2.2. Sampling of caged T. bernacchii
A total of 40 T. bernacchii (136  2.5 g, total length
218  16 mm) were caught at BDB over the same
period and then transported to Scott Base in four
aerated cool-boxes (ten per box). At Scott Base they
were held in flow through aquaria for two to four days
before being weighed, measured and deployed in
cages. The cages measured 400  400  300
(h  l  w mm) and were constructed from a PVC
plastic frame wrapped in zinc galvanised wire mesh.
Each cage held 10 fish. Two cages were deployed at
CA as controls, for 2 and 4 weeks. Two further cages
were deployed in WQB, also for 2 and 4 weeks.
2.3. Measurement and dissection
The fork lengths (mm) and weights (g) of all fish
caught were recorded (Table 2). Fish were killed by
cervical dislocation and brain destruction. The body
cavity was opened and the bile removed with a syringe.
The livers were freed from the gall bladder and
excised, and along with bile samples they were
immediately placed in separate cryovials and frozen in
liquid nitrogen. Fish were sexed (approximately 50%Table 2
Morphometric data for the 2 and 4 week caged T. bernacchii from Cape Ar
CA 2 weeks WQB 2 week
Location Coordinates 77 510 S, 166 400 E 77 500 S, 166
Fork Length (mm) 212  3.8 218  4.22
Weight (g) 124  7.8 133  9.1
FC 1.25  0.03 1.23  0.03
HSI 1.78  0.07 1.83  0.07
GSI 1.04  0.23 0.812  0.19male, for resident T. hansoni and 95% male for caged T
bernacchii) and their gonads weighed. The condition
factor, and hepato- and gonado-somatic indices were
calculated as follows:
FC ¼ 100WB L3
HSI ¼ 100WLðWB ðWLþWGÞÞ
GSI ¼ 100WGðWB ðWLþWGÞÞ
Where: FC ¼ Condition Factor (%); HSI ¼ Hepato-
somatic Index (%); GSI ¼ Gonado-somatic Index (%);
WB ¼ Body Weight (g); WL ¼ Liver Weight (g);
WG ¼ Gonad Weight (g); L ¼ Fork Length (mm)
2.4. Biochemical analysis
The tissue preparation followed that of Fo¨rlin and
Anderson (1985). The entire homogenization proce-
dure was carried out at 4 C. Microsomal pellets were
aliquoted and frozen at 80 C until use. Protein
quantification was as per Lowry et al. (1951). Cyto-
chrome P4501A and 2B activity was assessed using the
spectrofluorometric EROD and PROD assays (Lake,
1987) with assays taking place at 20 C for 10 min.
Activity is given in pmol of resorufin generated per
min per mg microsomal protein. Bile concentrations of
naphthalene and phenanthrene were quantified using
the synchronous spectrofluorometric technique devel-
oped by Lin et al. (1994). Concentrations are given in
mg/mL of bile.
2.5. Statistical analysis
Multiple ANOVA, ANOVA and Student’s t tests
were used to look at whole model significance, variable
significance and differences between different groups,
except for the EROD activities from caged T. bernac-
chii which did not have a normal distribution and were
thus subjected to non-parametric analysis using
a KruskaleWallis test. All values are given are-
S.E.M. Error bars represent S.E.M. Significance ismitage (CA) and Winter Quarters Bay (WQB).
s CA 4 weeks WQB 4 weeks
 390 E 77 510 S, 166 400 E 77 500 S, 166 390 E
225  6.57 215  5.15
154  15 133  9.3
1.29  0.02 1.30  0.04
1.68  0.12 1.70  0.10
1.17  0.40 0.92  0.30
249G.J. Lurman et al. / Polar Science 3 (2010) 246e253indicated by an asterisk or circle when P < 0.05.
Statistical analyses were performed using Prism and
Instat (Graphpad Software Inc, USA).
3. Results
3.1. Resident T. hansoni
Significant differences were observed in the weight
and fork length of the fish caught at each site with the
fish caught at BDB being on average 104 g heavier and
32 mm longer. However HSI, GSI or FC were not
significantly different between groups from the two
stations (Table 1). A multiple ANOVA test for signif-
icance found the liver and gonads, as well as FC had no
significant effect on the whole model.
The EROD activities of the two groups were
significantly different. The fish from WQB displayed
an elevated mean activity of 101  32 pmol min1
mg1 compared to 14.0  3.2 pmol min1 mg1 for
BDB fish. PROD activities (27.1  23 pmol min1
mg1 and 25.7  22 pmol min1 mg1, BDB and
WQB respectively) between the two groups were not
significantly different (Fig. 2).
Bile naphthalene and phenanthrene concentrations
also showed no significant differences between the two
groups of fish, though the levels of both tended to be
higher in fish from WQB (Fig. 3). Naphthalene
concentrations were 175  30 mg mL1 and
221  24 mg mL1, while phenanthrene concentrations
were 12.8  1.4 mg mL1 and 17.8  2.3 mg mL1 for
BDB and WQB fish respectively.
3.2. Caged T. bernacchii
There were no morphological differences seen
between the 4 groups of caged T. bernacchii, with fork
length, weight, HSI, GSI and FC being similar
(Table 2). A multiple ANOVA test for significanceEROD Activity
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Fig. 2. EROD and PROD activities for resident T. hansoni residenfound no effect of these variables on the overall model.
Furthermore, no significant differences were seen in
weight or length as a result of the caging periods.
EROD and PROD activities were not significantly
different between the groups (Fig. 4). Bile concentra-
tions of naphthalene in fish caged at WQB for 4 weeks
were significantly elevated above the fish caged at CA
for 2 and 4 weeks. Phenanthrene concentrations in the
fish caged in WQB for 4 weeks were significantly
elevated above those caged at CA for 4 weeks only
(Fig. 5).
4. Discussion
4.1. Cytochrome P450 induction
Earlier work has looked at the inducibility of
CYP1A in various Antarctic fish species (Bargagli
et al., 1996, 1998; Di Bello et al., 2007; Focardi et al.,
1989, 1992; McDonald et al., 1995), and demonstrated
the responsiveness of several Antarctic fish species,
including T. bernacchii, to b-naphthoflavone, 3-meth-
ylcholanthrene and benzo[a]pyrene, which are model
CYP1A inducers (Di Bello et al., 2007; Focardi et al.,
1995). Studies have also used resident T. bernacchii to
monitor pollution at Terra Nova Bay (Bargagli et al.,
1998; Jime´nez et al., 1999). In the cove adjacent to
Mario Zucchelli Station (which receives the station’s
wastewater) sediment levels of total PAHs reach
0.11 mg g1, compared to 0.09 mg g1 for the control
bay (Bargagli et al., 1998). EROD levels in T. ber-
nacchii caught at the polluted and control bays were
205 and 3.47 pmol min1 mg1 respectively. Differ-
ences in EROD activity between polluted and control
locations seen by Bargagli et al. (1998) are similar in
scale to those seen in the current study, with resident
WQB T. hansoni activity at 101 pmol min1 mg1,
compared to control BDB T. hansoni EROD activity at
14.0 pmol min1 mg1. This indicates that thePROD Activity
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t in Winter Quarters Bay (WQB) or Backdoor Bay (BDB).
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Fig. 3. Biliary fluorescent aromatic compound concentrations for T. hansoni resident in Winter Quarters Bay (WQB) or Backdoor Bay (BDB).
250 G.J. Lurman et al. / Polar Science 3 (2010) 246e253pollution in WQB is still affecting the resident T.
hansoni population. However, the EROD response is
not proportional to the level of sediment pollution the
sediment total PAHs in WQB, which is higher,
between 0.27 and 0.55 mg/g (Negri et al., 2006) than at
Terra Nova Bay. This may be the result of species
differences, where T. bernacchii is more responsive to
the pollutants, and/or may be accounted for by inhi-
bition of EROD activity by PCBs which are also high
in WQB sediments, 0.37 mg g1 dry weight of sedi-
ment (Negri et al., 2006).
The inhibition of cytochrome P450 by PCBs is awell-
documented phenomenon (Boon et al., 1992; Celander
and Fo¨rlin, 1995; Elskus et al., 1989; Gooch et al., 1989;
Hahn and Stegeman, 1994; Hansen et al., 1983; van
Schanke et al., 2001). Indeed, this is a possible con-
founding factor with regards to the induction of EROD
activity in T. bernacchii (Focardi et al., 1994). Further-
more, copper and cadmium have also been shown to
completely suppress EROD activity in T. bernacchii at
concentrations of 87 and 156 mg g1 liver respectively
(Benedetti et al., 2007). While sediment copper (68e
120 mg g1) and cadmium (10 mg g1) concentrations in
WQB are approximately 5e10 fold higher than at CAEROD Activity
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Fig. 4. EROD and PROD activities for T. bernacchii caged in(10 mg g1 and 2 mg g1 respectively; Lenihan et al.,
1990),more recentmeasurements found no difference in
resident WQB T. bernacchii liver copper (4.3 mg g1)
and cadmium (3.0 mg g1) concentrations compared to
BDB T. bernacchii (5.5 mg g1 and 3.8 mg g1 liver
respectively; Evans et al., 2000). Nevertheless, this is of
particular relevance in the current study where the caged
T. bernacchii were in WQB for a considerably longer
period than we suspect the resident T. hansoni were. As
such, the caged fish would have had a greater PCB,
copper and cadmium burden, thus suppressing the
EROD response in the caged T. bernacchii. This may
also explain why the T. bernacchii caged at CA for 2
weeks, i.e. with the lowest exposure time (see below),
had the highest EROD activity (Fig. 4).
The use of caged T. bernacchii as a biomarker has
only been attempted in one other study, also at Terra
Nova Bay (Jime´nez et al., 1999), where measured
EROD activity was several orders of magnitude lower
than in the current study (0.02e0.04 pmol min1 mg1)
and other studies at Terra Nova Bay by the same authors
where activities were in the 10se100s of pmol min1
mg1 (Focardi et al., 1992, 1994). Previous work found
levels of CYP1A mRNA from resident T. bernacchiiPROD Activity
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Winter Quarters Bay (WQB) or at Cape Armitage (CA).
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Fig. 5. Biliary fluorescent aromatic compound concentrations for T. bernacchii caged in Winter Quarters Bay (WQB) or at Cape Armitage (CA).
251G.J. Lurman et al. / Polar Science 3 (2010) 246e253caught in WQB to be 37 times higher than at the control
location, BDB (Miller et al., 1999). Yet EROD activities
in the present study were only a factor of 7 higher.
Similarly, experimental induction of CYP1A mRNA as
a result of 3,30,4,40-tetrachlorobiphenyl administration
was seen at all doses, whereas EROD enzymatic activity
was induced only at higher doses (Gooch et al., 1989).
Additionally, mRNA levels were also induced by
a single dose of Clophen A50, though EROD enzymatic
activity was not (Celander and Fo¨rlin, 1995). This
indicates that mRNA induction is a much more sensitive
indicator of pollution, however it says little about the
function consequences.
The PROD activity assay has previously been used
in other fish species to assess the effects of CYP2B
inducing compounds such as PCBs. Juvenile turbot
Scophthalmus maximus (Hartl et al., 2007), dab
Limanda limanda (Lange et al., 1999), and the
common carp Cyprinus carpio (Machala et al., 1997)
were previously shown to be responsive to PCBs with
significant differences seen in PROD activities
between polluted and non-polluted sites. Our study is
the first to measure PROD activities in Antarctic fishes
in the field. While the activities in both T. hansoni and
T. bernacchii were comparable with the fish species
mentioned above, no differences in PROD activity
were seen in the current study as a result of location.
This corresponds with previous lab-based experiments
where T. bernacchii exhibited no increase in
benzo[a]pyrene mono-oxygenase activity after treat-
ment with phenobarbital (Focardi et al., 1994), the
prototypical CYP2B inducer in mammals (Parkinson,
1996). Thus, PROD activity may not be responsive to
PCBs and as a consequence, other PCB specific
markers of pollution such as hepatic porphyria
expression (Huuskonen et al., 1998) need to be
developed for use in these Antarctic fishes.4.2. Biliary FACs
In the current study, control bile FACs, in particular
naphthalene, from BDB T. hansoni are higher (naph-
thalene: 175 mg mL1 and phenanthrene: 13 mg mL1)
than previous measures in BDB T. bernacchii
(114 mg g1 and 12 mg g1 respectively: Miller et al.,
1999). The WQB T. hansoni bile concentrations of
naphthalene (221 mg g1) and phenanthrene (18 mg g1)
were comparable to previous measures in T. bernacchii
(216 mg g1 and 24 mg g1 respectively; Miller et al.,
1999). This comparison indicates that the accumulation
of PAHs, in the bile is similar in both of these species and
correlates quite well with the pollution in WQB.
The bile FACs in the caged T. bernacchii in the
current study, together with those previously published
(McDonald et al., 1995), indicate that Cape Armitage
may also be affected by a pollution plume extending
out from WQB. Napthalene and phenanthrene
concentrations in Cape Armitage T. bernacchii in the
current study (124 and 11 mg mL1 respectively) were
similar to those previously reported at Cape Armitage
(92 and 13 mg g1 respectively; McDonald et al.,
1995), and higher than those seen at a 14 km distant,
and thus less polluted location at Cinder Cones (51 and
7.2 mg g1 respectively). In the current study,
concentrations in caged T. bernacchii from WQB were
of a similar magnitude (160e180 mg mL1 and 13e
16 mg mL1) to those previously reported for WQB
(140 and 25 mg g1; McDonald et al., 1995). The bile
FACs in WQB T. bernacchii were significantly higher
than those seen in the CA controls, indicating that even
though the pollution plume may extend as far as CA,
the highest concentrations of PAHs can still be found
in T. bernacchii transplanted to, as well as T. hansoni
resident within WQB, again symptomatic of the
pollution in WQB affecting both fish species.
252 G.J. Lurman et al. / Polar Science 3 (2010) 246e253It is interesting to note that the levels of FACs in the
bile of the T. bernacchii increase with the temporal
length of exposure, i.e. both naphthalene and phenan-
threne are higher in T. bernacchii caged in WQB for 4
weeks compared to those caged for 2 weeks, indicative
of temporal accumulation of PAHs in the bile. Contra
to this however, previous work in dab for example, has
demonstrated a peak in biliary FACs typically within
a week of exposure followed by a return to control
levels shortly thereafter (van der Oost et al., 2003; van
Schanke et al., 2001). This delay in the accumulation
may be a product of the slowed kinetics due to the
reduced temperatures found in the Antarctic (Focardi
et al., 1994, 1995), and/or a result of the feeding
regimes experienced by the fish. Feeding regime is
known to have a significant impact on the bile
concentration of PAHs, such that starvation results in
an accumulation of bile FACs (Brumley et al., 2003).
Using a suite of biomarkers, EROD, PROD, biliary
FACs and morphological measures, we have provided
evidence that the pollution inWQB is still affecting both
the resident T. hansoni in, as well as T. bernacchii
transplanted to WQB. The present study highlights the
necessity of a suite of biomarkers for an accurate
assessment of environmental pollution in the Antarctic
and the fact that the suite of biomarkers used should also
be robust enough that interference from confounding
variables such as sex, size and feeding regime are
minimized.
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